Brown algae of the Laminariales (kelps) are the strongest accumulators of iodine among living organisms. They represent a major pump in the global biogeochemical cycle of iodine and, in particular, the major source of iodocarbons in the coastal atmosphere. Nevertheless, the chemical state and biological significance of accumulated iodine have remained unknown to this date. Using x-ray absorption spectroscopy, we show that the accumulated form is iodide, which readily scavenges a variety of reactive oxygen species (ROS). We propose here that its biological role is that of an inorganic antioxidant, the first to be described in a living system. Upon oxidative stress, iodide is effluxed. On the thallus surface and in the apoplast, iodide detoxifies both aqueous oxidants and ozone, the latter resulting in the release of high levels of molecular iodine and the consequent formation of hygroscopic iodine oxides leading to particles, which are precursors to cloud condensation nuclei. In a complementary set of experiments using a heterologous system, iodide was found to effectively scavenge ROS in human blood cells.
Brown algae of the Laminariales (kelps) are the strongest accumulators of iodine among living organisms. They represent a major pump in the global biogeochemical cycle of iodine and, in particular, the major source of iodocarbons in the coastal atmosphere. Nevertheless, the chemical state and biological significance of accumulated iodine have remained unknown to this date. Using x-ray absorption spectroscopy, we show that the accumulated form is iodide, which readily scavenges a variety of reactive oxygen species (ROS). We propose here that its biological role is that of an inorganic antioxidant, the first to be described in a living system. Upon oxidative stress, iodide is effluxed. On the thallus surface and in the apoplast, iodide detoxifies both aqueous oxidants and ozone, the latter resulting in the release of high levels of molecular iodine and the consequent formation of hygroscopic iodine oxides leading to particles, which are precursors to cloud condensation nuclei. In a complementary set of experiments using a heterologous system, iodide was found to effectively scavenge ROS in human blood cells.
algae ͉ Laminaria ͉ x-ray absorption spectroscopy ͉ cathodic stripping square wave voltammetry T he element iodine was first isolated from kelp ashes two centuries ago by Courtois in the context of the search for raw materials for explosives (chiefly potassium nitrate) during the Napoleonic Wars (1, 2) . Brown algal kelp species such as Laminaria digitata are the most effective known living iodine accumulators, with tissue concentrations often exceeding 50 mM (3) . Until the large-scale exploitation of brine waters accompanying natural gas deposits for the recovery of iodine salts (4, 5), Laminariales remained a major commercial source of iodine (6) . The importance of iodine for thyroid function is paramount (7) . Long before the discovery of this element, the beneficial effect of iodine-rich seaweeds in treating goiter had been recognized initially in China and later in medieval Europe (2) . In coastal regions, Laminariales are a major contributor to the iodine flux from the ocean to the atmosphere through the production of volatile halocarbons (8) . In addition to iodocarbons, iodine oxide (IO) is also detectable in the atmosphere above kelp beds (9), providing precursors for cloud condensation nuclei (10) . Recently, microimaging has revealed that iodine is essentially stored in the extracellular matrix of L. digitata cells located in the peripheral tissues (11) . Despite considerable research interest in the role of kelp in the biogeochemical iodine cycle, the identity, speciation, and biological significance of bioaccumulated iodine has remained enigmatic for two centuries. In particular, all studies so far have left significant ambiguity as to the chemical speciation of iodine in Laminaria (6, (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) .
In this study, we first address the unresolved question of the chemical state of iodine in Laminaria under different physiological conditions, using x-ray absorption spectroscopy (XAS) as a noninvasive probe, and show that the only detectable form of iodine is iodide ion. This is not hydrated as in an aqueous solution of sodium iodide but instead has its hydration shell disrupted by interactions with organic molecules with which it is associated. Upon oxidative stress, high levels of iodide are released and are detectable in the surrounding seawater by voltammetric methods. Using an array of gas chromatographymass spectrometry (GC-MS), aerosol particle counting, and spectrophotometry to assess both organic and inorganic iodine emissions into the gas phase, we demonstrate that on the thallus surface and in the apoplast, iodide detoxifies both aqueous oxidants and ozone, the latter resulting in the release of molecular iodine and the concomitant, consequent formation of particles, which can act as cloud condensation nuclei. We propose that iodide in kelp constitutes an extracellular protection against oxidative stress and the first identified inorganic antioxidant in a living system.
Results and Discussion
The known reactivity of many iodine species and a hypothesis from the biomedical field (7) led us to investigate its chemical identity in kelp with a noninvasive technique, x-ray absorption spectroscopy (XAS) (21) . The iodine K-edge XAS of freshly frozen L. digitata thalli showed a featureless edge (Fig. 1a) and weak EXAFS oscillations [supporting information (SI) Fig. S1 ]. The corresponding Fourier transform (FT) (Fig. 1b) exhibited no peaks below 3 Å, indicating the absence of covalent bonds to iodine, which is supported by L 3 -edge measurements (SI Text and Fig. S2 ). We conclude that iodine is accumulated in Laminaria in its reduced form, iodide. Moreover, the strongest FT peak is at the same distance, Ϸ3.5 Å, as for hydrated iodide in NaI solution (22) , where this peak represents oxygen atoms of the solvent, water. The reduced amplitude in the kelp FT compared with NaI solution is reminiscent of that found upon changing the solvation from small molecules (water) to larger ones (t-butanol, dimethyl formamide) (23) . This corresponds to a reduction in the number of surrounding atoms for steric reasons (see Fig. 1a Inset) and an increase in their disorder, indicating that the iodide ion in Laminaria is not surrounded by a complete shell of water oxygens but instead is noncovalently associated with biomolecules such as carbohydrates, polyphenols, or proteins. In line with the desolvation interpretation, lyophilized tissues show only very weak EXAFS (see Fig. 1 for FT; see SI Text and Fig. S1 for EXAFS).
The finding of iodide as the accumulated species and its known reactivity with oxidants (SI Text) prompts questions about its potential role in the context of oxidative stress. We next monitored iodine fluxes in oxidative stress conditions by treating Laminaria thalli with oligoguluronates (GG) (Fig. 2 and Fig. S3 ). These alginate oligosaccharides are formed by bacterial biofilms and trigger a defense response in Laminaria, involving an oxidative burst (the production of active oxygen species at the cell surface) and potassium efflux (24) (25) (26) . Using cathodic stripping square wave voltammetry (27), we found a strong release of iodide into the surrounding medium, starting within seconds after GG addition. As shown before under the same experimental conditions, H 2 O 2 concentrations peak at 30 min after elicitation and then decline from a maximum exceeding 10 M in a typical experimental setup (25) . In parallel, up to 2.7 ϫ 10 Ϫ7 mol I Ϫ ⅐g fresh weight Ϫ1 (FW) are released within 30 min (Fig. 2 , Results and Discussion in SI Text, and Table S2 ), implying that in a maximum-strength oxidative burst, a Laminaria thallus may lose 0.5% of its accumulated iodide (3). However, iodate and organic iodine levels do not change (data not shown).
The XAS edge position is sensitive to the iodine oxidation state (22) . The XAS edge (Fig. 1a) of Laminaria tissues did not change noticeably after GG treatment, indicating that the iodine efflux was not accompanied by a change in the oxidation state of the remaining iodine in the alga. Interestingly, the amplitude of the major peak in the FT (Fig. 1b) increased markedly within 20 min after the addition of GG, although it did not reach the level of hydrated iodide in a 20 mM aqueous I Ϫ solution. Subsequently, within 3 h after stimulation, it decreased below the b a In Laminaria tissues, iodine is overwhelmingly stored as iodide. In fresh, live tissues, iodide is largely present in association with biomolecules including polyols (e.g., carbohydrates), phenols (e.g., phlorotannins), and amides (e.g., proteins), replacing the highly ordered hydration shell. Upon oxidative stress, part of this iodide is mobilized, as reflected in a more ordered hydration shell. When freeze-dried tissues are exposed to 2 mM hydrogen peroxide in seawater (simulating local concentrations observed during an oxidative burst), much of the available iodine is incorporated into aromatic organic molecules as reflected by the strong change in the EXAFS spectrum (highlighted by the vertical lines at 33,219 eV and 33,266 eV, respectively). Black, lyophilized Laminaria rehydrated in seawater with 2 mM H 2O2 [simulation: 1.0 phenyl at 2.1 Å, a ϭ 0.003 Å 2 (a, Debye-Waller-type factor as 2 2 in Å 2 )]; pink, lyophilized Laminaria (2.2 O at 3.51 Å, a ϭ 0.038 Å 2 ); red, fresh Laminaria (1.6 O at 3.58 Å, a ϭ 0.005 Å 2 ); sea green, 20 min after exposure to GG (2.8 O at 3.58 Å, a ϭ 0.021 Å 2 ); blue, 3 h after exposure to GG (3.9 O at 3.56 Å, a ϭ 0.038 Å 2 ); plum, 20 mM NaI (10.0 O at 3.56 Å, a ϭ 0.034 Å 2 ). A complete list of all simulation parameters with fitting errors is available as Table S1 . level of fresh Laminaria. These changes, also reflected in the occupancies and Debye-Waller-type factors found in the EX-AFS simulations (Fig. 1 ), point to a transition of a significant proportion of the iodide from its biomolecule-associated state in unstressed Laminaria to one more resembling hydrated iodide after 20 min, whereas of the iodide left behind after 3 h, an even larger fraction is biopolymer-associated than is observed in fresh Laminaria. Thus, the release of a small fraction of the free hydrated iodide into the surrounding seawater is only a transient process, and at the end of a stress period, any remaining, hydrated iodide is again sequestrated within the cell wall matrix where it is noncovalently associated with biomolecules. These apparently small but significant changes contrast with the strong change observed in the EXAFS when lyophilized tissues are rehydrated with 2 mM H 2 O 2 , namely the appearance of a strong peak at low (2 Å) R in the Fourier transform ( Fig. 1 and SI Text) . The change is due to the formation of a covalent bond between iodine and a carbon in an aromatic environment (polyphenols, proteins). This result also demonstrates that cell integrity and compartmentation, which are disrupted by lyophilization, are essential in controlling iodine speciation.
The GG treatment shows that Laminaria has a high capacity to release iodide when subjected to oxidative stress. Because oxidative stress also accompanies the partial emersion of the kelp forest at low tide-e.g., by exposure to high irradiance, desiccation, and atmospheric O 3 -we simulated low tide in a flow chamber with controlled ozone concentrations. Our experiments (Fig. 3a) revealed the sustained removal of much higher ozone levels than are naturally encountered by Laminaria. Kinetically, this removal process appeared to be first order in [O 3 ] and not limited by the availability of I Ϫ even above atmospheric O 3 levels. The O 3 removal rate (Fig. 3b) It is well established that aerosol particle bursts occur in the air over kelp fields at low tide during daytime (10) . We have previously observed that particles (Ͼ3 nm) were formed only under conditions such that Laminaria was in direct contact with ozone and in the light (30), when we also measured I 2 fluxes from the seaweed surface at rates as high as 130 pmol⅐min Ϫ1 ⅐g FW
Ϫ1
(averaged over a 1-h period and at 160 ppbv O 3 ). These results suggest that particles are formed as a consequence of the photolysis of I 2 formed on the seaweed surface by the abiotic reaction O 3 ϩ I Ϫ (30) . This is consistent with recent reports (31) that I 2 is the major source of I atoms in the air over seaweed beds. In contrast to previous studies attributing the rapid appearance of high concentrations of recently formed ultrafine aerosol particles (most commonly referred to as coastal particle bursts) to iodocarbon emissions (10), our study suggests that they are rather a consequence of the ozone-scavenging reactivity of iodide on kelp thallus surfaces. Freeze-dried Laminaria exposed to O 3 produced even higher quantities of aerosol particles than fresh seaweed, suggesting that the particle response is due to a greater reactivity with the iodide reservoir of dead Laminaria tissue (lacking cell compartmentation). Unlike in living thalli, the particle response did not recover with freeze-dried samples after the ozone exposure was temporarily halted. This further reinforces the finding that biotic processes are important in the iodine accumulation and release, but not in particle formation.
Iodide is an effective antioxidant in heterologous systems that naturally do not accumulate iodide-e.g., blocking the oxidative burst in human neutrophils (IC 50 ϭ 2.9 mM; Fig. S4 ). Growth experiments of marine bacteria and the analysis of toxicity to human leukocytes by measuring the mitochondrial membrane potential with flow cytometry revealed that iodide is nontoxic to both pro-and eukaryotic cells (SI Text and Fig. S5) . A direct defense function of high iodide concentrations can therefore be excluded; however, under apoplastic oxidative stress conditions and as a substrate of haloperoxidases, iodide can undergo a range of reactions leading to toxic products. Because the XAS data show that the accumulated iodine remains in the reduced state, this would affect only a minute fraction of the total iodine. This may nevertheless be sufficient for an additional defense function considering, e.g., the high toxicity of iodocarbons, which are indeed emitted at increased rates after elicitation with GG (30) .
Major groups of antioxidants of photosynthetic organisms are organic compounds such as ascorbate, isoprenoids, fatty acids, and phenols (32) . We observed Ϸ10 Ϫ4 M ascorbate and 10 Ϫ3 M glutathione in Laminaria. At these concentrations and cellular pH, their reduction potentials are considerably more negative than that of the iodide/iodate couple-i.e., they would be oxidized before iodide if present in the same compartment. Yet the highest H 2 O 2 concentrations (Ͼ1 mM) after an oxidative burst are encountered not in the cytosol but in the cell wall space (apoplast) (25) , which is in free diffusion exchange with the surrounding seawater. It is this compartment where iodide is accumulated (and mobilized during oxidative stress); yet ascor- bate and glutathione are strictly intracellular, with apoplastic excretion being detected neither in this study (data not shown) nor in any other living systems. Interestingly, a recent expressed sequence tag (EST) study in L. digitata protoplasts highlighted only a few of the enzymes scavenging reactive oxygen species (ROS) that are typically strongly expressed by eukaryotes during oxidative stress (33) , and L. digitata contains fewer soluble phenols that are considered antioxidants in other brown algae (34) . Furthermore, H 2 O 2 excretion appears widespread among macroalgae (26) . In the absence of ascorbate and glutathione and with up to millimolar levels of ROS present in the apoplast, iodide is indeed a potent antioxidant. Finally, it should be highlighted that an extracellular antioxidant role of iodide in Laminaria fits well with the observed seasonality of iodine levels in this kelp: A recent field survey of European Laminaria populations showed reductions of iodine content of 50% or more during the summer months, when kelp forests are subject to substantial temperature and photooxidative stress (35) .
We therefore conclude that iodide accumulation leads to an apoplastic antioxidant reservoir that can be mobilized during oxidative stress (Fig. 4) . Iodide is well suited as a versatile antioxidant, scavenging not only aqueous H 2 O 2 and gaseous O 3 , as demonstrated in this study, but also hydroxyl radicals and superoxide. Based on thermodynamic and kinetic data (36) (37) (38) (38) : iodide reacts with three of these four ROS (ozone, singlet oxygen, and superoxide radicals) at rates 12-to 500-fold higher than ascorbate and glutathione. On the basis of these kinetic data, iodide is the best available antioxidant in the Laminaria apoplast. HOI is the central, short-lived intermediate for all oxidants (reactions 9, 10, 12, and 13 in Table S3 ) except for ozone and singlet oxygen in the gas phase (reactions 8 and 11, respectively, in Table S3 ). In the absence of organic substrates, haloperoxidases catalyze rapid halide-mediated disproportionation of H 2 O 2 (see Results and Discussion in SI Text). In the presence of organic substrates, iodide incorporated in them would be regenerated rapidly by nucleophilic substitution with Cl Ϫ , Br Ϫ , or HO Ϫ (Table S5) . Thus, for most oxidants except ozone, there would be no buildup of oxidized or dissolved organic iodine species, as confirmed by our experiments. Iodocarbons such as diiodomethane and iodoform are emitted by Laminaria at increased rates after an oxidative burst, albeit at rates amounting to Ͻ0.1% of the inorganic iodide efflux observed here (8, 30 ) and a similarly small stoichiometric proportion compared with the H 2 O 2 that is first generated and then degraded in the oxidative burst (25) . Therefore, iodocarbons cannot account for the scavenging of ROS. We propose instead a defense function for iodocarbons, considering their high microbial toxicity due to the effectiveness of iodide as a leaving group in nucleophilic substitutions.
This study significantly deepens our understanding of the contribution of kelp forests to iodine chemistry in coastal atmospheric and marine systems. Their potential to excrete iodide at rates several orders of magnitude higher than organic iodine compounds has not been recognized previously, although kelp is well established as a major source of iodocarbons (8) . To our knowledge, this describes the first inorganic and also the chemically simplest antioxidant-a single, negatively charged atom-with a central role for marine and atmospheric processes through the provision of condensation nuclei and the removal of ozone. a b Fig. 4 . A model of iodine metabolism in Laminaria. Laminaria, when submerged and unstressed (a), accumulates iodide from seawater mediated by vanadium haloperoxidase (turquoise). In the tissues and as shown in this study, I Ϫ is the accumulated form. When oxidative stress occurs (red), iodide is released to detoxify ROS in the apoplast at the thallus surface outside of the cell membrane, including both aqueous (e.g., H 2O2) and gaseous (O3) oxidants. ROS scavenging reactions in the aqueous phase such as halide-assisted disproportionation of H 2O2 will result in the regeneration of iodide in a cyclic reaction sequence. (a) During oxidative stress at high tide (e.g., due to an oxidative burst caused by alginate-degrading bacteria in a biofilm), iodide is released into the surrounding seawater. (b) In contrast, aerosol particle bursts result mainly from molecular iodine released directly from Laminaria into the coastal atmosphere, as a consequence of the ozone-scavenging reactivity of iodide on kelp surfaces at low tide.
Materials and Methods
Biological Material. Laminaria digitata sporophytes were collected in Helgoland (German Bight) and Roscoff (Brittany, France) and kept alive in aerated, running seawater tanks at 4 -6°C. Their approximate iodine content was 1% dry weight (apoplastic concentration Ϸ20 mM) (3).
Oxidative Stress Experiments. Oligoguluronate elicitors (GG) were prepared as described in ref. 25 and applied at a final concentration of 100 g⅐ml Ϫ1 . Typically, experiments were conducted with Ϸ5 g of Laminaria fresh weight in 100 ml of natural seawater, from which both tissue samples of Ϸ0.5 g and aliquots of 15 ml of seawater medium were removed directly at the onset of the stress, and then at intervals of 1, 3, 5, 10, 15, 30, 45, 60, and 180 min and 24 h. For XAS analysis, L. digitata tissue samples were cut out of the phylloid blade. They were fitted into a Plexiglas frame and sealed with Capton tape. All samples were immediately frozen in liquid nitrogen for subsequent XAS analysis. This experiment was repeated five times with minor variations in sample volume, total algal biomass, and seawater volume.
X-Ray Absorption Spectroscopy. Iodine K-edge XAS measurements (22) were carried out at the European Molecular Biology Laboratory, Hamburg Unit, Outstation Hamburg at Deutsches Elektronen Synchrotron, Germany, using a Si(311) order sorting monochromator, which was set at 50% of peak intensity to suppress harmonics. During data collection, the storage ring DORIS III was operated at 4.5 GeV with ring currents between 150 and 90 mA. The x-ray absorption spectra were measured in fluorescence mode with a CANBERRA 13 element solid-state detector. Scans at the I K-edge were calibrated by reference to the absorption spectrum of a NaI sample. Typically, 15 scans per sample were taken. The sample was kept at 20 K during the measurements and moved in between scans so that the part of the sample that was exposed to the beam was varied as much as possible. No spectroscopic differences indicative of photoreduction were observed between successive scans. Iodine L3-edge XAS data were collected in fluorescence mode at the Swiss Light Source, Paul Scherrer Institute, Villigen, Switzerland, microXAS beamline X05LA. Sample temperature was adjusted to Ϸ100 K by a nitrogen cryostream. Neither ice formation on the beam spot nor photoreduction in the scans shown here (SI Text) has been observed.
EXAFS Data Reduction and Analysis.
Data reduction was carried out as described in ref. 22 . Simulations of the calibrated, averaged, and backgroundsubtracted EXAFS were carried out with the Windows XP version of the EXAFS simulation program EXCURVE (40), Release 9.272, using the Rehr and Albers expansion for the calculation of phase shifts (41) .
